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1
Positive-strand RNA viruses replicate their genomes in membrane-associated structures; 2 alphaviruses and many other groups induce membrane invaginations called spherules. Here, we 3 established a protocol to purify these membranous replication complexes (RCs) from cells infected 4 with Semliki Forest virus (SFV). We isolated SFV spherules located on the plasma membrane and 5 further purified them using two consecutive density gradients. This revealed that SFV infection 6 strongly modifies cellular membranes. We removed soluble proteins, the Golgi and most of the 7 mitochondria, but plasma membrane, endoplasmic reticulum (ER) and late endosome markers 8 enriched in the membrane fraction that contained viral RNA synthesizing activity, replicase 9 proteins and minus-and plus-strand RNA. Electron microscopy revealed that the purified 10 membranes displayed spherule-like structures with a narrow neck. This membrane enrichment 11 was specific to viral replication as such a distribution of membrane markers was only observed 12 after infection. Besides the plasma membrane, SFV infection remodeled the ER, and the co- RNA-synthesizing complexes, we isolated and purified them from infected mammalian cells. 28 Detection of viral RNA and in vitro replication assays revealed that these complexes are abundant 29 and highly active when located on the plasma membrane. After multiple purification steps, they 30 remain functional in synthesizing and releasing viral RNA. Besides the plasma membrane, markers 31 
Introduction
42
RNA viruses play a major role in emerging and re-emerging epidemics, and the most common RNA 43 viruses have a single-stranded genome of messenger-RNA polarity, i.e. positive-strand RNA (1, 2). 44 During replication, the genomic RNA serves as a template in the synthesis of a minus strand, which 45 then serves to produce more plus-strand RNAs (3). All eukaryotic positive-strand RNA viruses 46 replicate their genomes in membrane-associated complexes that concentrate replication 47 components, provide a structural framework and protect viral RNA from host defense mechanisms 48 (4-6). Depending on the virus, the replication membrane originates from the plasma membrane or 49 subcellular organelles such as mitochondria. Two main types of replication-associated membrane 50 modifications have been recognized (5). One type are double-membrane vesicles in which typically 51 multiple vesicles are interconnected via their outer membrane (7-10). The other type are vesicle-52 like membrane invaginations called spherules, and the current view is that one or multiple double-53 stranded RNA (dsRNA) intermediates, and thus the negative-strand RNA, reside within a spherule 54 and newly made, mature positive strands are released to the cytoplasm via a narrow neck that is 55 wide enough to allow the import of nucleotides and the export of positive-strand . 56 As a model system to study spherule invaginations we use an arthropod-borne alphavirus, 57 Semliki Forest virus (SFV). Alphaviruses are found on all continents and are known to cause 58 diseases ranging from mild febrile illnesses to encephalitis and prolonged arthritis (17). SFV is a 59 close relative of the re-emerged chikungunya virus (CHIKV) that causes arthralgia persisting in 60 some cases for years (18, 19) . The alphavirus genome encodes two polyproteins. The 61 nonstructural polyprotein P1234 is first cleaved to P123 and nonstructural protein 4 (nsP4), which 62 form an early replication complex (RC) that synthesizes minus-strand RNA using the genome as a 63 template (20, 21 ). Further cleavage of P123 then yields a late RC consisting of nsP1 to nsP4 and 64 making plus strands from the minus-strand RNA (20) . nsP4 is the core RNA-dependent RNA electron dense material and can be immunostained for dsRNA, indicating that the replicative 74 dsRNAs are located inside the spherules (35, 36 (11, 40, 41) . In addition, RNA II corresponding to the 5' end of the genome up to the subgenomic 87 promoter is made but its function remains unclear (11, 39, 42) . However, only RNA of positive 88 polarity is synthesized in vitro (11, 39) . Cytosolic host factors are not required in alphavirus RNA 89 synthesis in vitro in contrast to positive-strand RNA nidoviruses (11, 39, (43) (44) (45) . In order to study 90 both the structure and the molecular mechanisms of these membranous RCs, purified and active 91 complexes must be obtained. Alphavirus RCs have been purified in sucrose-and glycerol-density 92 gradients indicating that these complexes are indeed membrane associated (32, 40, 41, (45) (46) (47) . 93 However, purification, which may include detergent solubilization, often yields poor replication 94 activity and only two to three virus-specific proteins have been observed in these complexes. 95 Thus, we still lack an approach to obtain purified, fully functional complexes amenable for 96 structural studies such as cryo-electron microscopy, and there is no structure available for the 97 alphavirus RCs or RdRp.
98
Here we report a purification method for SFV RCs, and our aim was to maintain the 99 functionality, integrity and morphology of the RCs that enables us to study their biological (Fig. 1) . Incorporation was readily detected after a 5-min reaction time, and the signal rapidly 114 increased up to 60 min ( Fig. 1A and B) . Consequently, 1-h reaction time was routinely used unless 115 otherwise stated. Furthermore, SFV PNS could be diluted at least 100-fold without the loss of 116 replication activity (Fig. 1C ).
117
The highly active and robust RNA synthesizing activity in vitro, which tolerated dilution, 118 indicated that SFV RCs are suitable for purification. Next we tested if RCs remain active during the 119 prolonged incubation times that are required to perform the purification procedures. The 120 complexes remained active throughout a 48-h incubation at 4°C (Fig. 1D ). In-gel hybridization 121 revealed that the endogenous minus-strand RNA was also stable while most of the endogenous 122 plus-strand RNA was digested already after 3 h (Fig. 1E ). This confirms the idea that in cells most 123 plus strands are released to the cytosol, and thus in PNS they are susceptible to cellular RNases, 124 and the minus-strand RNA resides inside the spherules as part of double-stranded RNA molecules 125 in a form that protects them from nucleases. We also determined the stability of RCs in the 126 density gradient medium iodixanol, which is used for subcellular fractionation, and after a 24-h 127 incubation, RCs were still highly active and minus-strand RNA was stable ( Fig. 1D and E). Bovine 128 serum albumin (BSA; 1 mg/ml) was observed to boost in vitro replication, on average about 120% 129 ( Fig. 1D) . Thus, in further experiments BSA was routinely used in the reaction mixture. SFV RNA 130 synthesis in vitro could be inhibited by the chain terminator 3'-dCTP (Fig. 1D ).
131
Then, we determined the tolerance of detergents using PNS and the in vitro replication 132 system. In vitro replication activity of SFV RCs was sensitive to all detergents tested but more 133 sensitive to anionic sodium deoxycholate (DOC) and sodium dodecyl sulfate (SDS) than to non-134 ionic n-Octylglucoside and Triton X-100 (Tx-100) (Fig. 1F ). 1% DOC and SDS caused the loss of both 135 the minus-strand template and replication activity indicating that spherules were destroyed and 136 the minus-strand RNA was exposed to cellular nucleases (Fig. 1F) (PMCA) was found in the mock S7 while in the virus-infected samples it was more prominent in S7 186 than in P7. In both mock and virus-infected samples the late endosomal marker Rab7 was more 187 prominent in S7 than in P7 but the enrichment was stronger in the mock samples.
188
In vitro replication activity present in the viral PNS, S7 and P7 fractions was analysed by 189 quantifying the incorporation of 32 P-CTP into SFV 42S RNA (Fig. 4D ). About 50% and 30% of the 190 PNS activity was recovered in S7 and P7, respectively. In-gel hybridization showed that the minus- 
SFV infection modifies the properties of cellular membranes
196
We selected the S7 fraction for further purification in density gradients ( cytosolic marker β-actin concentrated in the top fractions but in the SFV gradient it was also found 232 in fr. 5-6 (band 3). We also tested addition of 150 mM KCl to the cell lysate if higher salt 233 concentration was required to keep membranes from aggregating but no effect in sedimentation 234 was observed indicating that the results were not due to unspecific membrane aggregation. 235 An in vitro replication assay showed that most of SFV replication activity was in fr. 5-6 (band 236 3) of the sedimentation gradient ( Fig. 7B ) and thus this band at density of 1.10-1.11 g/ml was 237 collected for further purification. The final step in the purification was equilibrium centrifugation 238 in a 10-30% iodixanol-step gradient as shown in Fig (Fig. 6C ). In the SFV gradient, nsPs and capsid protein 247 concentrated in fr. 4, except for that nsP2 and capsid were also detected in fr. 9-12 indicating that 248 nsP2 and capsid protein in these fractions did not float and thus were not membrane associated.
249
The plasma membrane marker PMCA, late endosome marker Rab7 and ER marker calnexin also 250 concentrated in fr. 4. In addition, β-actin and the residual mitochondria were detected in fr. 4.
251
Golgi was hardly detectable. The density in fr. 4 was 1.11 g/ml. As viral nsPs and PMCA, Rab7 and 252 calnexin concentrated in fr. 4 in the SFV gradient, fr. 3-5 were further studied using additional 253 cellular markers (Fig. 6D) . The plasma membrane marker Na,K ATPase as well as ER markers 254 CLIMP-63 and RTN4B also concentrated in fr. 4 in the SFV gradient while these markers were 255 undetectable in the mock fr. 3-5. Interestingly, LAMP-2, a marker for the late endosomes and 256 lysosomes, was undetectable in fr. 3-5 of both mock and SFV gradient.
257
We next assayed where SFV minus-and plus-strand RNA as well as 18S ribosomal RNA 258 (rRNA) distributed in the sedimentation and flotation gradients ( close to the spherule-like structures (Fig. 8D ).
283
To determine the stability of the newly made RNA, in vitro replication reactions were 284 terminated by adding the nucleoside analogue 3'-dCTP followed by a chase for 3 h (Fig. 9A) Fig. 9D and E) .
336
Both the presence of newly made RNA in RIs (Fig. 9D) sheets (Fig. 6-8 ).
360
Previous purification attempts of alphavirus RCs have mainly focused on the isolation of 361 CPVs (32, 40, (45) (46) (47) 50 centrifugation causes a partial loss of activity (Fig. 4) (11, 39) . Thirdly, we observed that SFV RCs 370 were sensitive to detergents (Fig. 1F ) and thus detergent solubilization was excluded. Fourthly, we 371 used two consecutive density gradients of iodixanol under isotonic conditions. Our purification 372 protocol yielded RCs that were highly active in synthesizing both genomic and subgenomic RNA as 373 well as released newly made strands (Fig. 9 ). In addition, our purification method produced highly 374 active complexes in large quantities as from ~10 7 cells, we purified enough RCs to make at least 375 one hundred standard in vitro replication assays, and it can easily be further scaled up.
376
The sedimentation analyses revealed that SFV infection extensively modifies cellular 377 membranes (Fig. 5) In conclusion, we showed that alphavirus infection strongly modifies cellular membranes 437 beyond inducing the spherules and that the ER might be connected to the RC-carrying plasma 438 membrane. This is the first step forward in extending our knowledge of alphavirus membrane-439 associated RCs and further studies on these purified complexes should give insights into the host lipid and RNA composition as well as replication activity were analyzed as described below.
489
Density of the fractions was measured by weighing. For further purification, the light-scattering 490 zone between 12.5% and 15% iodixanol layers was collected and purified by equilibrium flotation 491 centrifugation (90,000 × g, 18 h, 4°C) in a discontinuous iodixanol gradient consisting of 3 ml of 492 30% and 1.8-ml layers of 26, 22, 18, 14, and 10% (w/v) were incubated at 30°C for 2 h and terminated as described above. In order to test Tx-100 532 sensitivity of purified RCs, they were incubated with 1% Tx-100 for 1 h at 25°C. After incubation, 533 aliquots were removed for total RNA isolation and in-gel hybridization to detect endogenous RNA 534 (see below) or a replication assay.
535
In order to determine how much the amount of genomic RNA increases during in vitro 536 replication compared to the amount of genomic RNA present in the RCs after purification, 537 replication assays were performed using purified RCs and reaction conditions described above for 538 a standard reaction with BSA, except for that 10 µM CTP and no α- distribution of viral and cellular markers as in Fig. 4 . Furthermore, Na,K ATPase was used as an 846
